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Abstract We report an analysis of a novel sequence-structure 
database of mammalian proteins incorporating nucleotide 
sequences of the exon regions of their genes together with 
protein sequence and structural information. We find that 
synonymous codon families (i.e. coding the same residue) have 
non-random codon distribution frequencies between protein 
secondary structure types. Their structural preferences are 
related to the third, ‘silent’ nucleotide position in a codon. We 
also find that some synonymous codons show very different or 
even opposite structural preferences at the N- or C-termini of 
structure fragments, relative to those observed for their amino 
acid residues. 
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1. Introduction 
It has been possible for some while to produce a protein in 
large quantities by introducing its gene, incorporated in a 
proper genetic construct, into a micro-organism and then in- 
ducing its expression. However, there are instances where ex- 
pression of eukaryotic proteins in bacteria produces proteins 
that are biologically inactive. Frequently, they form insoluble 
aggregates, which have to be renatured artificially in order to 
regain similarity in structure and biological activity with na- 
tive analogues [l]. It has been shown that highly expressed 
genes utilize a distinct, species-specific subset of synonymous 
codons, which is tailored for effective mRNA translation [2,3]. 
This leads to species-specific codon bias which may interfere 
in the expression of foreign genes [4]. Consequently, the best 
expression is achieved when the constructed gene is optimized 
for a target organism codon usage. Since it has been suggested 
that protein folding can proceed cotranslationally [5,6], the 
optimization may also include the tuning of codon pattern 
along mRNA to a particular translation kinetics necessary 
to ensure the proper folding of a nascent polypeptide. In 
particular, codon context variations along mRNA affect 
translation speed and uniformity, either due to disparity in 
the rates of translation of different codons [7-91, or by intro- 
ducing ‘slow’ regions of mRNA in which a ribosome has to 
move over mRNA local secondary structure elements [lo]. 
There are indications that synonymous codon usage might 
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be biased towards rare codons in segments connecting do- 
mains and regular secondary structure blocks [9,11,12], ac- 
companied by lower rates of translation of inter-domain re- 
gions [ 11,131. An opposite view is presented in [14], the 
authors find no correspondence between the distribution of 
rare codons and positions of structural blocks in proteins. 
The analysis performed in this work examines possible corre- 
lations between synonymous codon usage in amino acid resi- 
dues, and protein secondary structure. 
2. Materials and methods 
The sequence-structure database used in this analysis incorporates 
exactly matching codon sequences - amino acid sequences - second- 
ary structure - internal geometric parameters of peptide groups ($,w 
angles) - PDB coordinates for 109 mammalian proteins. The non- 
redundant dataset of the three-dimensional structures of mammalian 
proteins was compiled using the PDB Browser facility and a locally 
mirrored Brookhaven PDB database (Table 1). Amino acid sequences 
were extracted from PDB records and checked for homology against 
the rest of the database by the program FASTA. Proteins that had 
sequence identity > 50% in any of the pairwise alignments with other 
sequences in the database were removed. Protein sequences from the 
PDB files were scanned for homology against the NCBI ‘nr’ (formerly 
GenPept, the translated version of GenBank) database using BLAST 
at NCBI via e-mail server, yielding amino acid sequences with the 
highest similarity scores (955100%) in the ‘nr’ database. The corre- 
sponding nucleotide sequences were then extracted from GenBank 
and the best matching sequence identified according to locally per- 
formed TFASTA alignments and additional selection criteria. Each 
protein sequence in the sequence-structure database was aligned with 
the corresponding coding nucleotide sequence and substituted with 
the sequence of codons. Cluster analysis of the relative synonymous 
codon usage distances between sequences [IS] was used to monitor the 
uniformity of the database in terms of synonymous codon usage. The 
final database displays a statistically significant GC bias which corre- 
sponds to the data of the Codon Usage Database [16] (Table 2). 
Protein secondary structure classes in the three-state model were as- 
signed by the program DSSP [17]. The class a (a-helix) corresponds 
to the DSSP structure type H, class B (B-structure) includes types E 
and B, class X incorporates all other DSSP structure types including 
unstructured residues. N- and C-termini are the additional structure 
classes enclosing amino acid residues in potentially important posi- 
tions, respectively, in the ‘start’ and ‘end’ regions of regular secondary 
structure blocks. They were set to include six consecutive residues for 
both ‘start’ and ‘end’ of each a-helix (four inside+two outside a 
structure block) and five consecutive residues for each B-strand (three 
inside+two outside a structure block). Protein structures included in 
the database have resolution better or equal to 2.5 A (Table I), with 
only three exceptions: amino acid sequence identity is below 30% for 
99.5% of the total non-redundant set of pairwise alignments. The final 
codon sequence dataset has lower level of sequence similarity, with no 
pairwise alignments above 30% sequence identity. Codon occurrence 
statistics for secondary structures were subsequently calculated ac- 
cording to Adzhubei and Sternberg [ 181. 
Observed frequencies f,b(cdn,ssz] represent the number of occur- 
rences of a codon cdn in a synonymous codon family, for a secondary 
structure classification ssi. For a three-state model used in this analy- 
sis ssi = CL, p, X. Expected frequencies f,,(cdn,ssi) were calculated for 
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thiid codon-position bias for a\pK distribution 
0.8- a p x a b x a fl x a p x 
Dbserved 1135 1257 2352 1620 2366 3537 893 869 1805 1826 1942 2485 
Expected 1072 1381 2291 1698 2212 3613 925 933 1709 1779 1909 256t 
x2 signifi- 0.0005 0.0005 0.0050 0.2000 
Lance a\pK significant significant significant not significant 
Fig. 1. Observed and expected distributions of nucleotides in the third (silent) codon position. Observed frequencies (shown in bold lines) show 
the combined contribution of amino acid usage and synonymous codon bias in different secondary structure types. Expected frequencies (shown 
in hairlines) give the hypothetical pattern based on a random occurrence of synonymous codons in secondary structures, but reflect amino acid 
preferences in secondary structures. F,I is the relative occurrence frequency of codons with a given nucleotide in the third position in a particu- 
lar structure type. Fre, = 1.0 indicates no preference, with values above 1.0 corresponding to overrepresented and below 1.0 to underrepresented 
bases. For all practical purposes Frel can be considered identical to the Chou-Fasman [34] secondary structure propensities. Structure types in a 
three-state model are denoted as a, a-helix (25%); p, p-structure (29%); X, all other residues (46%). x2 significance levels for the a\pK distri- 
bution were calculated from the given observed and expected frequencies. 
h X k tables where h is the number of synonymous codons in a family 
and k represents the number of structural classifications. f&(cdn,ssi) = 
Xfnm.ssi) X P@m,cdn), whereflam,s$ is the occurrence frequency of 
a secondary structure type ssi in a given amino acid codon family fam 
and PC$am,cdn) is the probability of a codon cdn determined by the 
existing synonymous codon bias in this family. Expected frequencies 
thus correspond to the null hypothesis of a random synonymous 
codon usage in structure classifications for the encoded amino acid, 
corrected for different occurrence frequencies of a given amino acid in 
a\puC and for synonymous codon bias in the amino acid family. 
Synonymous codon observed and expected frequencies for some ami- 
no acids are given in Fig. 2. x2 were subsequently computed according 
to the formula x2 = Z&,_fexp)2/j&, [19], where the sum is taken over 
all cells in a h x k table. x2 and significance levels for the rejection of 
the null hypothesis were calculated for all codon families that met the 
criterion of f,,(cdn,ssz] zz 10.0 for all f,,(cdn,ssi). Frequencies for U, 
C, A and G in the third codon-position represent sums over all 
codons with the identical third base. Frel=flobs, exp; sszj”exp; no 
ssi bias) whereflobs. exp; ssi) is an observed or expected frequency as 
defined above andflexp; no ssi bias) is the expected frequency of a 
codon or a third base calculated as shown above but assuming the 
random occurrence (no preference) of amino acids in a\fiK structure 
classes. For the latter case Xfum,ssz] is calculated as fvam) X P(sszJ, 
where Xfum) is the occurrence frequency of residues in the amino acid 
family fum and P(ssi) is the probability of a secondary structure clas- 
sification ssi in the database. 
3. Results and discussion 
The first phase of the project involved construction of the 
integrated sequence-structure database. The database con- 
tained secondary structure assignments for the experimentally 
determined three-dimensional structures of 109 non-homolo- 
gous mammalian proteins, that have been aligned with the full 
nucleotide sequences of the coding regions of their genes (or 
mRNAs). This database was used to calculate the actual co- 
don occurrence frequencies in the secondary structure of each 
protein, in accordance with a three-state model incorporating 
a-helices (a), P-sheets (0) and other (X) structure classes. A x2 
rl 
5 
Table 1 
The non-redundant set of protein structures used in the compilation 
of the integrated sequence-structure database 
PDB entries Resolution if 
(chain identifiers are given in parentheses) below 2.5 A 
law (A) 
lang 
lcbs 
lCl1 
ldlh (AB) 
lfna 
lglq (A) 
lhcn (AB) * 
lhfc 
lhmp (A) 
lhti (A) 
lice (AB) 
llcf 
llya (AB) 
lnsk (R) 
lppf (E) 
lrfb (A) * 
lsac (A) 
ltld 
ltpk (A) 
lvca (A) 
2bb2 
2fke 
2hmb 
2ran 
3grs 
4gcr 
7api (AB) * 
labm (A) lads 
lant (I) lbet 
lcd8 lcka (A) 
lcrb lcsk (A) 
ldrf ldyn (A) 
lfrp (A) lfru (A) 
lgmf (A) lguh (A) 
lhcq (A) lhdr 
lhlc (A) lhle 
lhnf lhsa (A) 
lhtr (BP) lhul (A) 
lift lilk 
llki llpb (B) 
1121 lmld (A) 
lpk4 lpod 
lpsn lrbp 
lrhp (A) lrto (A) 
lshf (A) lspd (A) 
ltnf (A) ltnr (AR) 
1 tta (A) lubq 
lzaa (C) 2ach (AB) 
2cba 2cpl 
lald 
lbpb 
lcks (B) 
ldfn (A) 
lesl 
lggt (A) 
lhcg 
lhdx (A) *2.6 .& 
lhml 
lhsb (B) 
lhup 
lilr (1) 
llpe 
lmup 
lppb 
lrcb 
lrtp 
lten 
lton 
lula 
2ada 
2ctb 
HL) 
1) ‘3.0 A 
2gst (A) 2hhb (AB) 2hhm (A) 
2hnp 21dx Zpfl 
2tgi 3cd4 3est 
3i18 3mdd (A) 4fgf 
4ilb 5pti 6rlx (AB) 
*3.0 A 
Source: 
human (Homo sapiens); bovine (Bos taurus); 
horse (Equus cabaks); mouse (Mus muscuhzs); 
porcine (Sus scrofa; rat (Rattus rattus and 
Rattus norvegicus) 
Total: 
proteins 109 
residues 22 151 
codons” 22 087 
BNo codon assignments were made for 70 individual sequence posi- 
tions where amino acid or nucleotide sequence information was in- 
complete. 
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25.0 1.0 
0.9 
20.0 0.8 
0.7 7 
15.0 0.6 S 
0.5 8 
Q 10.0 0.4 ._ 2 
5 0.3 'a 8 
"* 5.0 0.2 "x 
0.1 
0.0 0.0 
Leu Val Gly Pro Glu Phe Ile Ser Thr Gin Ala Lys Tyr Arg Cys Asn Asp His Met Trp 
[ + significant -9 1 [ +- not significant + I 
synonymous codon I structure classification 
f&illes 
a 
amino f I f 
acid codons obs obs exp 
LSJ CUU 204.0 1 71.0 67.1 
cut 400.0 112.0 131.5 
WA 115.0 43.0 37.8 
CUG 863.0 298.0 283.8 
WA 98.0 34.0 32.2 
UUG 245.0 75.0 80.6 
family 1925.0 I 
Vd GUU 264.0 1 75.0 62.1 
GUC 400.0 83.0 94.0 
GUA 129.0 21.0 30.0 
GUG 751.0 184.0 176.6 
family 1544.0 I 
01~ GGU 265.0 1 42.0 31.0 
GGC 621.0 75.0 72.7 
GGA 391.0 38.0 45.8 
GGG 371.0 38.0 43.4 
family 1648.0 1 
PI-0 ecu 280.0 I 35.0 29.0 
family 960.0 ( 
1le AUU 378.0 1103.0 104.8 
AUC 621.0 168.0 172.2 
AUA 137.0 44.0 38.0 
family 1136.0 1 
ser ucu 253.0 I 51.0 46.2 
ucc 374.0 72.0 68.3 
UCA 156.0 21.0 28.5 
UCG 72.0 12.0 13.1 
AGU 213.0 42.0 38.9 
AGC 394.0 69.0 72.0 
family 1462.0 
Thr ACU 301.0 72.0 60.2 
ACC 586.0 106.0 117.1 
ACA 320.0 64.0 64.0 
ACG 119.0 23.0 23.8 
family 1326.0 
P 
f 
obs exp 
56.0 71.4 
164.0 140.1 124.0 128.4 
48.0 40.3 24.0 36.9 
295.0 302.2 270.0 277.1 
31.0 34.3 33.0 31.5 
80.0 85.8 90.0 78.7 
105.0 127.4 
204.0 193.0 
61.0 62.2 
375.0 362.4 
37.0 50.2 
133.0 117.6 
66.0 74.0 
76.0 70.2 
41.0 39.0 
66.0 51.6 
22.0 35.3 
11.0 14.1 
126.0 143.3 
225.0 207.7 
152.0 169.9 
261.0 243.1 
170.0 174.0 
305.0 285.9 
48.0 63.1 
52.0 61.6 
110.0 91. 
39.0 38.0 
25.0 17.5 
41.0 51.9 
89.0 95.9 
80.0 103.1 
223.0 200.6 
106.0 109.6 
45.0 40.7 
X 
f 
obs exp 
77.0 65.5 
84.0 74.5 
113.0 113.0 
47.0 36.4 
192.0 212.1 
186.0 183.8 
413.0 430.7 
287.0 271.2 
257.0 257.3 
204.0 212.0 
276.0 280.1 
201.0 191.5 
79.0 76.5 
274.0 254.3 
349.0 368.7 
143.0 127.6 
167.0 182.4 
105.0 99.2 
148.0 162.9 
45.0 35.9 
150.0 145.2 
192.0 214.6 
96.0 89.5 
35.0 41.3 
130.0 122.2 
236.0 226.1 
149.0 137.8 
257.0 268.3 
150.0 146.5 
51.0 54.5 
1 
Fig. 2. Significance of deviation from random usage in secondary structures for synonymous codons in amino acid families, and their observed 
and expected frequencies. x2 values and significance levels were calculated separately for each family. For nine amino acids the null hypothesis 
of the random synonymous codon distribution between a\@X classifications was rejected at the significance level 50.050. Observed (fabs) and 
expected f&,) frequencies of synonymous codons are listed for these families. 
approximation [19] was used to evaluate the statistical signifi- encoded. Expected frequencies were calculated taking into ac- 
cance of synonymous codon bias in the database, for the count the known synonymous codon bias in families and dif- 
distribution between the three structure classes. ferent amino acid frequencies in the secondary structure 
Synonymous codons in an amino acid family differ in the classes, but assuming the random synonymous codon usage 
third nucleotide position, which is termed ‘silent’ since nucleo- in structure types for each family. Fig. 1 shows the distribu- 
tide substitutions in it do not affect the type of amino acid tion of codons relative to the four possible bases in the third 
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a-helix 
Fig. 3. Relative observed frequencies (FIB,) for synonymous codons 
in families with significant deviations from random usage for the 
distribution between N-termini, core and C-termini of the regular 
secondary structures. x2 significance levels are 0.010 for Leu (L), 
0.025 for Val (V), 0.050 for Css (c, cystine residues, S-S bonds 
formed), 0.001 for Phe (F), 0.025 for Ser (S). 
codon position. Expected frequencies reflect the pattern which 
would have arisen if, assuming random synonymous codon 
usage, the contribution of existing amino acid structural pref- 
erences was solely responsible for the third-base bias in the 
secondary structures. Deviations from random occurrence in 
the secondary structure classes, for synonymous codons in the 
amino acid families are shown in Fig. 2. This figure also lists 
observed and expected frequencies for some codon families, as 
used in the x2 calculations. 
All three secondary structure classes show distinct patterns 
of the third base usage. Notably, the origin of the bias dis- 
played by G differs from that observed for the other bases in 
the third codon position. Since amino acids residues are coded 
by sets of codons that can differ in the number of synonyms 
each ending with a specific base (examples are given in Fig. 2) 
the non-equal occurrence of residues in secondary structures 
gives rise to the expected third base bias which corresponds to 
random synonymous codon usage (Fig. 1). The overall distri- 
butions of codons that have U, C and A in their third position 
are non-random between the ~1, p and X structure classes. 
They significantly alter the expected bias in secondary struc- 
tures for these bases, resulting in the observed third base bias. 
In contrast with this, the bias for G in the third codon posi- 
tion is solely based on the difference in amino acid frequencies 
between secondary structures, since the additional synon- 
ymous codon bias is not significant. In a-helices the synon- 
ymous codon contribution to U and A third position bias 
pushes the observed frequencies closer to Frel=l.O (no bias), 
while it enhances the high negative C bias. A contrasting 
pattern is observed for the p-structure where both negative 
third position U and positive C bias result solely from the 
synonymous codon contribution, which also markedly in- 
creases the already high expected negative bias for A in the 
third codon position. 
The overall distribution of the full set of 61 sense codons in 
a\p\x classes deviates highly significantly from the expected 
random occurrence for amino acid codon families at the 
0.0005 significance level (estimated from the total x2 value). 
At the level of individual codon families (Fig. 2) 9 families 
(comprising 35 codons) show significant non-random occur- 
rences of synonymous codons in the cl\puC. distribution. Thus 
Fig. 2 shows the existence of statistically significant secondary 
structure preferences for synonymous codons in individual 
codon families, in addition to the third codon position bias 
related to secondary structure types (Fig. 1). For most of the 
codons the deviations from random usage are in opposite 
directions in a-helices and P-sheets, i.e. codons overrepre- 
sented in a-helices are underrepresented in P-sheets and vice 
versa. 
The frequency of occurrence of some synonymous codons 
depends on their position relative to secondary structure frag- 
ment boundaries. Although our database is not large enough 
for a full statistical analysis of these frequency deviations, the 
amino acid families which display the most pronounced sta- 
tistically significant synonymous codon bias in terms of the 
distribution between N-terminal, C-terminal and core regions 
of a particular secondary structure (X structure class is also 
included) can be identified (Fig. 3). It is known that a number 
of residues occur more frequently at secondary structure ter- 
mini [20-221. We now see that there are actually quite distinct 
relative frequencies of codons within particular families. Some 
are position-sensitive as for example Leu and Phe, whereas 
other families do not show specific preferences for secondary 
structure termini. 
The significant preference for different synonymous codons 
in secondary structure classes suggests the existence of a link 
between nucleic acid coding sequence and protein three-di- 
mensional structure. It is unlikely to result from evolution 
pressure operating solely on the sequence level since the bias 
in secondary structures is observed in addition to any existing 
synonymous codon usage bias in families. Our results are in 
agreement with the increasingly supported view of protein 
folding as a process occurring cotranslationally [5,6,9,23-271. 
According to this hypothesis a newly synthesized polypeptide 
chain starts to fold into the elements of secondary and higher 
level structure before the ribosome finishes translation of its 
mRNA. The protein molecule thus can be folded in its final 
native conformation (and display activity) before or immedi- 
ately after the release of the nascent polypeptide chain from 
the ribosome [25,27]. If protein folding proceeds cotransla- 
tionally, the codon context may affect protein structure. The 
hypothesis is difficult to prove experimentally and only a few 
recent studies address this problem [28]. However, there is 
indirect experimental evidence supporting this hypothesis. 
The majority of genes expressed in the most popular E. coli 
or S. cerevisiue expression systems have originated from high- 
er eukaryotes, where genes are characterized by a distinct 
pattern of codon usage; their pattern is quite different from 
both E. coli and S. cerevisiae codon usage [15,16,29,30]. One 
possible explanation of the appearance of inactive proteins 
after expression in these systems is that the process of protein 
overexpression itself causes such a severe alteration of the 
micro-organism biosynthetic machinery that it leads to inacti- 
Table 2 
Nucleotide frequencies in the third codon position 
Third nucleotide fobs f exP % obs % exp 
U 4 744.0 5 595.6 21.5 25.3 
C 1523.0 5 595.6 34.1 25.3 
A 3 567.0 5251.7 16.1 23.8 
G 6253.0 5644.1 28.3 25.6 
G+C 13 776.0 11239.7 62.4 50.9 
A+U 8311.0 10 847.3 31.6 49.1 
f obsr observed frequencies in the database; fexp, expected frequencies 
calculated on the basis of random synonymous codon usage in amino 
acid families (no synonymous codon bias). The x2 calculations show 
that the bias is statistically significant at the 0.0005 significance level. 
82 
vation and aggregation of the produced protein. However, it 
has been shown for several proteins that when their genes 
were synthesized de novo or mutated in such a way that their 
codons were replaced by synonyms preferably used in the 
target micro-organism (retaining exactly the same sequence 
of amino acids), the yield of the active product was substan- 
tially increased [31,32], up to loo-fold and more [33]. Our 
results suggest that in order to achieve a high level of expres- 
sion of active protein, codon secondary structure preferences 
must be taken into account in addition to the species-specific 
synonymous codon usage optimization. 
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